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ABSTRACT 
Boron doped p-type and arsenic doped n-type·source materials 
were used t,o deposit ,thin silicon films on amorphous substrates 
by cathodic sputtering in argon atmospheres. All as-sputtered 
films were found to be amorphous and to have high electrical 
4 
resistivities of about 10 ohm-cm despite controlled variation of 
0 0 substrate holder temperatures from 170 to 420 C. Some of the 
films were subsequently heat treated in inert atmospheres at 
0 temperatures as high as 1000 C for two hours. X-ray diffraction 
powder patterns revealed that crystallization of the amorphous 
as-sputtered films from both n-type and p-type sources occurred 
~ 0 
at about 640 C. No preferred orientation was found in any of the 
r-
resulting polycrystalline films. 
A sharp drop in the electrical resistivity to values on the. 
order of 1 ohm~cm accompanied the amorphous to crystalline trans-
formation of the p-type source films but then-type source films 
remained of high resistivity. Spectrographic analysis revealed 
that the only essential, difference between films sputtered from the 
different source materials was theApresence in the films 6f the 
intentional source impurities. In view of the marked differences 
in resistivities observed. it is believed that the electrical 
I 
behavior of the crystalline films is dominated by impurity effects. 
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l. INTRODUCTION 
The properties of vacuum deposited thin semiconducting films 
have been a subject of considerable interest during recent years. 
The possibility that these films might have application in device 
technology has undoubtedly been a major stimulus to this field of 
research. J 
J ••. .,,, 
Vacuum evaporation and cathodic sputtering are the two principal 
methods by which the films can be deposited. In vacuum evaporation 
the material to be deposited is heated to a temperature at which 
vaporization occurs. The vaporized material then condenses on the 
desired work piece which is necessarily held at a temperature much 
lower than that of the source material. Several heating methods are 
customarily used. These include resistance heating, induction heat-
ing, and electron bombardment. In cathodic sputtering source mater'ial 
is bombarded by gas ions which have been accelerated by an electric 
field. The ions have sufficient energy so that atoms or particles of 
the source material are removed under the bombardment and are sub-
,l,..., t .. ,•,._. 
sequently deposited on the work piece. 
Either method can be used to deposit most, if not all, semi-
conducting materials of current interest. However, there are several 
important differences in the two methods of deposition and it might 
be expected that f~lms prepared from a given material by each of the 
two methods would not be identical. Evaporation is carried out under 
conditions of very high vacuum_with the residual pressure normally 
less than 1 X 10-5 Torr, and often in the range of 1 X 10-7 Torr. 
Cathodic sputtering, on the other hahd, is normally conducted with 
2 
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-2 gas pressures in the order of 1 X to Torr, or in atmospheres approx-
" 
imately 1000 to lQ9,ooo times more dense than are present during 
eyaporation. In evaporation the source material must be heated to 
temperatures sufficient to cause vaporization at measureable rates, 
usually well above the normal melting point for most substances. In 
sputtering the bulk temperature of the source can be kept cool. In 
evaporation multi-component materials (for example, alloys or elements 
containing impurities) tend to deposit at compositions different from 
that of the source because of differences in vapor pressure of the 
. d" 'd 1 t (l) 1n 1v1 ua componen s. In sputtering materials often deposit with 
the same composition as that of the source, <2) except for impurities 
. " " 
acquired from the gas phase present or secondary sputtering by stray 
gas ions o~ free electrons on objects in the apparatus. A recent 
discussion of sputtering mechanisms has been given by Wolsky~ 3) 
Francombe( 2) has presented a comparison of the properties of evaporated 
and sputtered films of several metals. 
In this paper are presented exp~rimentally determined structural 
and electrical properties of thin films of silicon sputtered on amor-
phous substrates. Where possible the results are compared with those 
of evaporated films prepared under corresponding conditions. 
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I I. EXPEHIM.ENTAL Dhi'Al LS 
A. IJescripl ion ol the Deposition Apparatus 
A schematic dia~r:im of the sputtering uppar,atu.s 1s shown in 
Figure 1. A pholugraph ot the equiptnent is shown in Figure 2 and 111 
Figure 3 is an open view of the deposition chamher. The vacuum 
h '' c amber w~1s L'flt_'. losed t,y a standard 18 di am et er by 1 2" high p y re: x ht: l J 
.1ar, mounled on a stainless steel bast plate. Access holes in tlu .. : 
base pl ate were used to supply argon gas to the chamber to allow tor 
various electrical feed-throughs and to provide mechanical !?lotion to 
the shutter between the source material and substrate. 
.The chamber 
was evacuated by a pumping system consisting of a Consolidated Vacuum 
Corporal ion model PMC 720 oil dit'fusic,n pump, backed by a Welch l:..i~7 
mechanic a t---turnp. 
·( 
diffusion pump. 
Dow-Corning DC-704 silicone oi 1 was used in the 
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The cathode assembly which was used to hold the silicon source 
was constructed of stainless steel with boron nitride insulators. 
The substrate holder was fabricated from stainless steel.\'An iron-
: \ 
constantan thermocouple was mounted in this holder to determine sub-
strate temperatures. Substrates were held in intimate contact with· 
the holder by fused quartz tabs which overlapped each end of the sub-
" strate by about 1/4 and were fastened to the holder by stainless 
... 
steel screws. A quartz envelope lamp was used to heat the holder by 
radiation and temperatures as high as 420°C could be maintained during /" 
deposition. An inverted stainless steel dome was placed inside the 
chamber to act as a radiation shield and thus prevent excessive heat-
ing of ·the bell jar. 
-3 Pressures were measured in the micron (10 Torr) range by a 
Hastings-Raydist thermocouple gauge and high vacuum pressures were 
detennined with a Consolidated Vacuum Corporation GPH 100-A cold 
cathode discharge gauge. 
A full wave rectified DC power supply with maximum voltage rating 
of 5000 VDC was used for sputtering. Since this power supply was not 
voltage regulated, input to it was supplied from a Sola constant 
voltage transformer. A variac which was connected to a 1:1 isolation 
transformer was used to supply floating input to the quartz heater 
lamp. 
B. Deposition Conditions and Procedure.· 
Most of the specimens prepared for this study were sputtered on 
Ct, 
I " " " poli?hed fused quartz substrates 1 16 X 1 1/2 X 3. A few samples 
were sputtered on alumina-borosilicate·glass slides, Corning code 7059, 
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of the same dimensions. .Slides were cleaned by an ultrasonic wash in 
hot aqueous Alconox solution, rinsed several times in boiling deionized 
water and air dried. Prior to use the slides were stored in covered 
0 glass trays in an oven at 110 C. 
After a slide was loaded into ttw holder the ~ubstrate heater 
was turned on and the chamber was evacuated 'io a vacuum of 1 X 10-S 
Torr or better. 0 Substrates were always heated to at least 200 C in 
this stage in order to remove the major portion of adsorbed surface 
moisture and other volatile contaminants. 
Commercially pure argon gas was then introduced to the chamber 
at a controlled rate.through an Edwards High Vacuum Ltd. bellows 
sealed needle valve. The gate valve above the diffusion pump was 
adjusted so as to maintain a foreline pressure of about 100 microns 
Hg and a chamber pressure of about 25 microns. After the gas pressures 
had stabilized the sputtering power supply was turned on and the 
cathode (silicon source) was gradually brought to a potential of 
-5000 VDC. All films prepared for this study were sputtered at this 
voltage. 
For each run a period was allowed for " . '' presputter1ng, during 
which the silicon was bombarded just as in the deposition part of the 
run, but a movable stainless steel shutter was positioned between the 
substrate and cathode so that .deposition on the substrate was 
prevented. This period was nonn'ally about two hours long and insured 
that surface contaminants had been removed from the silicon source 
before the act.ual deposition nin. 
The deposition run was 1s~arted by rotating the movable shutter 
7 
I 
I ) 
I 
.I 
so that the substrate was exposed. A typical run was three hours· 
long with a sputtering current of about ten milliamperes. Current 
variation during a run was usually about+ 0.1 ma. Temperatures of 
-
0 
the substrate holder during sputtering were in the range of 170 to 
420°c and varied typically during a run by less than+ 2°c. The 
spacing between the front surface of the cathode and the substrate 
was 1 5/8". 
C. Source Maierials 
Two different silicon source materials were used. One was 
n-type, arsenic doped, and the other wasp-type, doped with boron. 
@ 
Both had bulk resistivities of about 0.001 ohm-cm, which corresponds 
I 
19 3 
to an impurity level in the order of 10 atoms per cm or about 0.01% 
impurity. Both samples were in the fonn of cylindrical single crystal 
ingots approximately I inch in diameter with (111) planes parallel to 
the front surface of the cathode (or normal to the ingot axis). 
D. Heat Treatment of the Films 
Specimens from both types of source materials sputtered on fused 
quartz slides were heat treated in a quartz furnace at temperatures 
./ 
f 605°, 626° 4 ° 56° 10° 81 ° 0 o , 6 0, 6 · , 7 , 0 and 1000 C. A continuous flow 
of argon was passed over the slides to prevent oxidation during the 
heating period. Temperatures were measured with a Pt-Pt (10% Rh) 
thennocouple and were found to be constant in the heating zone to 
0 
+ 3 C. Samples were held at temperature for two hours and then 
allowed to cool slowly with th~ heaters off for at least five hours. 
The slides were then gradually moved out of the hot zone and were 
~ 
wann to the touch when removed from the furnace. 
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E. Measurements 
1. Electrical 
Electrical resistivity measurements were made only at room 
temperature. ~leasurements on the low resistii'ity films in the 
vicinity of 10 ohm-cm or less were made with a four point probe 
with o.oso'' spacing between probes. Measurements on the high 
resistivity films were made by the voltmeter-ammeter method by 
etching a rectangular strip of material on the substrate and 
evaporating nichrome-gold two layer contacts on the ends of the 
strip. Determinations of conductivity type were made by the 
thermal probe method. 
2. Structural 
( 
Crystallinity of the films was determined with a cylindrical 
. .:.:..-__ ·-.·.· 
" . " Universal X-ray powder camera. The specimen was mounted in the 
center of the camera with the film surface inclined at a fixed 
angle of 13° to the incoming beam. Filtered copper radiation was 
used for all samples. A schematic of the camera arrangement is 
given in Figure 4. 
3. Deposition Rate 
-~-~-~-/order to determine deposition rate, strips of collodion 
0 
were painted on slides and baked on at 100 C. Silicon was then 
deposited over the entire slide. The material over the collo-
dion strips was less adherent than the film on the remainder of 
the slide and could be scraped off with a scalpel. A Taylor-
Hobson Ltd. Model 3 Talysurf profilimeter was used to measure 
the step heights between the film surface and the substrate with 
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Table 1 
Deposition Rate 
Deposition 
Time, 
Hours 
2 
:2·· .. 
·:<' 
~p·; 
ttaximum Film 
Thickness, 
Angst ro1ns 
10,700 
. 10, 20U 
9,t>CJO 
16 ,_(j}(J' 
Minimum Film 
Thickness, 
Angstroms 
C, 200 
/'.., ·3· o·-·.-;:\_.-_· 
:i ,. : .. ·v. 
T.O, 10u 
Rate Fae tor, 
Angstroms ( max 
per ma-Hour 
.. 
...,. 
' ) ,· ··) . ,,._,., ' 
·.,: I I J:~~ I\ . 
- ''2. :"'l 
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'/·-!·· .... 
Ave rage 54). 
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... ~ ___ ,··-···, 
\: 
an accuracy believed to be within+ 100 ~- <4 > Measured film . 
-
0 thickne~i;s were typically about 10,000 A. It follows then that 
the film thickness determinations were accurate to+ 1%. 
. ' 
A swnmary of the rate determinations is given in Table 1. 
At the center of the slide, where the deposition rate is a max-
imum, a rate-time-current factor of 540 Angstroms per milliampere 
!1,.... . hour was obtained. This rate is in the mid-range of values for 
germaniwn sputtering under similar conditions as reported by 
(5) Reizman and Basseches. The minimum thicknesses were found at 
the edges of the slides and were always greater than 55% of the 
~ ·. maximum. For the specimens later prepared for electrical rneas-
>urements no direct thickness measurements \Vere made. Film thick-
nesses were computed by the rate factor and should be accurate to 
within + 20%. 
4. Chemical Analysis of Sputtered Films 
Composition of the sputtered films was determined by emission 
spectrographic analysis. Films were deposited on spectrograph-
ically pure graphite slides and scraped off with a platinum 
spatula for analysis. As-sputtered and heat treated film s~c-
imens for analysis were prepared under conditions similar to 
those under which the films for electrical and structural meas-
urements were prepared. For control purposes plain graphite sub-
strates were heat treated and included in the analysis. The 
compositions of both source materials were also determined. 
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III. RESULTS 
A. Morphology of the Films 
Film thicknesses were typically about 1.5 microns. Substrate 
· 0 0 holder temperatures during sputtering ranged from 170 to 420 C. In 
appea~ance the films ,were bright, metallic and opaque to visible 
light. X-ray powder patterns of these films revealed mainly amorphous 
scattering. Only films prepared at the highest substrate holder 
0 . 
temperature, 420 C, showed traces or halos of three very difftts~"""'·~·····: 
'.j 
rings in the front reflection region; an indication of the development 
of some crystallinity at this temperature. A powder pattern of a film 
prepared at 420°C is shown in Figure 5. 
Heat treatment of the sputtered films produced a wide range of 
structures. 
0 Films heat treated at 605 C were unchanged in appearance 
and their X-ray powder patterns displayed only diffuse rings in the 
forward reflection region. The crystallites in these films are still 
so small that the material is essentially amorphous. Films annealed 
\ 
\. ___ -- ··--· _.,,..-
at 626° and 640°C remained metallic in appearance but some of the 
films developed small patches of material which were dark red-brown 
and transparent when held up to light. Diffraction patterns of these 
films have broad rings in the front reflection region, similar to 
those of Figure 6. 
The lowest temperature at which well developed crystallization 
0 
was observed over the entire sample was 656 C. Of the two films heat 
treated at this temperature, the one prepared from the p-type source 
di~played the rather complete diffraction pattern shown in Figure 7. 
The other prepared from then-type source exhibited a powder pattern 
\ 
12 
l 
I., . 
. L. __ _ 
• . i ~' 
•i u 5. 
u 0 
... 
• .• -#' ' .. 
) 
d r p rn of 
r du 
- pu 
on 
1 . 
20° 
• 
-\ '' .......... ..... . 
,. - .. 
~, ... 
\ 
7. r 0 co fi m e 0 
P- OU C on u ed u t • H tr d 
6';)6° C for oho r in r on t h e. 
8. co 
1 0 C 
• 
.. 
• . 
,· 
• I 
\ 
l..}l!·••-1 
with only broad front reflection rings as shown in Figure 6. 
0 0 0 The specimens heat treated at 710 , 810 and 1000 C exhibited 
sharp diffraction rings in the front reflection region and more dif-
fuse back reflection rings. These films had lost most of their 
metallic luster, \vere brown to red-brown in color and transparent. 
0 '., ' '""·',,,,,, Filtns annealed at 1000 · C were lightest in color and most t·ransparent. 
0 A diffraction pattern from a film heat treated at 1000 C is given in 
Figure 8. All films analyzed were found to be either amorphous or 
f 
polycrystalline and no film texture was observed. 
B. Electrical Properties 
The electrical measurements are summarized in Table 2. Films in 
4 the as-sputtered condition displayed a resistivity greater than 10 
ohm-cm on all samples measured. The substrate temperature during 
0 0 sputtering apparently had no effect over the 170 to 420 C range. The 
type of source material also seemed to have little effect on the 
resistivity of the as-sputtered films. Films heat treated at 605°c 
remained as high resistivity material, regardless of the type of 
source material. 
a The resistivity of specimens1reat treated 3t or above 640 C, the 
temperature above which al 1 films had not ice ably crys ta 11 j zed, f el 1 
into two distinct classes. All spec11nens prcpareu from the n-type 
source were of extremely high resistance and essentially nonconducting. 
~ •, 
., . On the other hand, all specimens prepared from the p-type source were 
of comp~1ratively low resistivity, in the range of 0.1 to 10 ohm-cm. 
This represents a decrease 1n resistance by a factor greater than 103 
over the untreated films. One of the p-type films heat trellted at 
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0 626 C showed only a small area of low resistivity material. This area 
,, 
was dark red-brown and-}transparent but the remainder of the film was 
/ opaque and of high resistivity. 
It was found that all the low resistivity films showed consid-
erable variation in resistivity on any given slide. On each slide 
the lowest resistivity regions were found near the ends of the slide 
where the film was thinnest. Reported resistivity values are an 
average of several measurements on each slide. 
Resistivities of the heat treated specimens prepared from the 
p-type source showed no obvious dependence on the annealing tempera-
ff 
ture other than the sharp decrease which accompanied the change in 
crystallinity. Heat treatment at temperatures higher than necessary 
for this crystalline transition to occur had little effect on the 
final resistivity values. 
Resistivity values f6r all films included in this study can be 
categorized as follows. All as-sputtered films had high resistivities 
4 greater than 10 ohm-cm. Heat treated specimens prepared from the 
n-type source were essentially nonconducting. All films prepared 
from the p-type source and heat treated at temperatures at or above 
6~o0 c had low resisti.vities on the order of 1 ohm-cm. Films prepared 
0 from the p-type source and annealed at 626 C were partially transfonned 
0 to low resistivity material while heat treatments at 605 C produced 
no change in the as-sputtered resistivity. 
As-sputtered specimens that were prepared from then-type source 
exhibited a very weak n-type respons~ when examined for conductivity 
type by the thermal probe. Films prepared from the p-type source 
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showed no response before heat treatment. Heat treated specimens 
which were of high resistivity showed no response. The low resistiv-
ity heat treated films, all prepared from the p-type source, were 
. strongl.Y p- type. 
C. Film Composition 
ResulJs of the spectrographic analysis of films sputtered on 
graphite slides are given in.Table 3. The impurity contents were 
~ 
determined only qualitatively but the three levels heavy trace, trace. 
and fine trace correspond approximately to greater than 100, 10 - 100, 
and less than 10 parts per million, respectively. 
. . ' 
The p-type source material contained fine traces of copper, iron, 
magnesium and aluminum, while then-type source contained fine traces 
of only iron, magnesium and aluminum. Films sputtered from both 
sources were found to be contaminated to a greater degree than the 
source materials with traces of copper, magnesium, a 1 umi num and iron. 
~ Nickel was present in two of the films at the trace level and in two 
others as a fine trace. Five of the films contained fine traces of 
germanium. 
The plain graphite slides annealed at s10°c contained no detectable 
impurity. 0 The two annealed at 1000 C showed a trace, and fine trace 
of copper, respectively, indicating that copper could be picked up 
in the quartz tube furnace. 
The principal impurity in the films sputtered from the p-type 
source was boron, which was present as a heavy trace. The boron 
content in all films was qualitatively at the same level as that of 
the source material. Relative ratios of boron/silicon are listed 1n 
Table 3. These ratios were computed from the intensities of a 
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:Cheat cal Analysis by Bllisslon Spect l"Ollet ry 
Tnble 3 
Substrate Temperature Conductivity Temp. During of Heat lm~urit 1es Rel at 1 Vf.• Type of Source Deposition Treatment Hea.vy Fine Impurity Sam21c Material Deg C Des C Trace Trace Trace Ratio 
B/S1 
I 
A 272 600 8 Cu Mg Fe Al I. 23 i 
p 
I 
B p 320 810 8 Cu Mg Fe Al Ge 1. i~ 
C P. 268 No Treatment 8 Cu Mg Fe Al l. 2.k 
E p 268 1000 8 Cu Mg Fe Al Ge 
.fH 
f: ;p 265 810 8 Cu Mg Fe Al i l. 19 
G p 325 No Treatment 8 Cu Mg Fe Al 1.-09 
1i~: 
,. H p 323 600 8 Cu Mg Fe Al Ge l. 29 
I, 
p- type 
+ 
source Ho Treataent 8 Cu ... Fe Al 
As/Si 
J l'l 278 Ho Treatment Cu Ilg Fe Al As Ge 
. 21 
K 
-n· 338 600 Cu Mg Fe Al As 
.22 
L· h' 275 810 Cu Ilg Fe Al As Ni 
. 27 
.. 
~: 332 1000 Cu Ilg Fe Al Ni As 
. l4 . I 
N :n 274 1000 / cu Ilg Fe Al Ni As Ge . 14 ! / 0 n: 330 810 Cu Mg Fe Al As Ni . 24 ,_ 
p tj: 271 600 Cu Ng 
[I 
Fe Al As 
.l~ 
Q n: 330· No Treataent Cu Ilg Fe Al As 
. 19 
·• , 1, 1, .·.·:.,,·L,: I·• R :.n . .103 No Treatment As 
. 15 
• s 
·n 100 No Treatment As 
. 11 
n-t ype 
source l No Treatment :~s Fe Al .. . ', 96 -~~ 
n-type 
• source 2 No Treatment As 1.57 
Plain Graphite l 810 No lmpurit 1es Detected 
• Plain Graphite 2 810 No lmpuri t 1 es Detected 
Plain Graphite 3 1000 Cu 
.. Plain Graphite 4 1000 Cu 
• Boron Silicon ratio not determined for this saaple. 
• In these slides only arsenic content was deterained. 
I 
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.selected pair of emission lines from the two elements. Larger ratios 
indicate higher boron content. There was no apparent dependence of 
. ~·. 
boron content either on substrate temperature during deposition or on 
post-deposition heat treatments of the films. 
Films sputtered from then-type source contained arsenic at the 
fine trace level 1n cqn~rast to the trace level detected in the 
source material. The arsenic level in all sputtered films was approx-
/ ima tely constant over the range of sputtering con.di tions and heat 
treatments studied. Relative ratios of arsenic/silicon indicate that 
the arsenic content of the films was much diminished over that of the 
source material, and, therefore, that arsenic must be lost in sputter-
ing. 
The unwanted metal impurities in the s~uttered films indicate the 
metal fixtures in the deposition chamber as the principal source of 
contamination. The deposition chamber was largely cons true ted of 
18-8 stainless steel \Vi th smaller amounts of alwninum and copper . 
.., 
However, since the chromium level was below the limit of detection 
c~ 10 parts per milrion) · in all of the sputtered films, it is believed 
that the total unintentional impurity content was low and in the order 
of 50 parts per million . 
.. 
... : 
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IV. DJSCUSSION 
Silicon thin films deposited by cathodic sputtering on amorphous 
t, substrates were found to be amorphous at substrate temperatures as 
0 
0 high as 420 C. Subsequent heat treatments at 605 C resulted in little 
change either in structure or electrical resistivity. Heat treatments 
0 at temperatures above 640 C caused a transformation of the amorphous 
material to a randomly oriented polycrystalline material. Higher 
temperatures produced larger crystallites and the X-ray powder patterns 
0 of films treated at temperatures of 710 C and above display a full 
set of diffraction lines. 
(6) 
Davey reported that evaporated germanium films also behave 
similarly and were amorphous when evaporated on cold amorphous sub-9 
strates. At higher substrate temperatures during deposition crystal-
line deposits were obtained and usually showed a fiber texture with 
the fiber axis normal to the substrate surface. Since the equipment 
used in this study was not capable of operating at temperatures high 
enough to produce crystalline silicon films as deposited, no 
tendencies of fibering could be observed. 
Kataoka(?) reported a [111] fiber texture in silicon films which ~ 
were evaporated from tantalum filaments onto fused quartz substrates 
0 heated to a temperature pf about 1000 C . 
. , 
Collins,(B) however, 
observed almost no texture in silicon films evaporated from a boron 
nitride crucible onto fused quartz substrates held nt temperatures as 
high as 1100°c. It may be of interest that both Kataoka and Davey 
used refractory metal filaments as an evaporation source. It has been 
reported that silicon films evaporated in this manner can be 
21 
...,,, ... 
I 
.f· 
\ 
I ,. 
... \ 
.,, 
. (9) 
contaminated by the filament material. It is not known whether 
such contamination can influence film texture, but the above-mentioned 
work seems to indicate that it is a possibility. ' .r.•, 
R · SI ( lO) b . d ' . f. 1 1esz and 1arp o ta1ne amorp11ous germanium 1 ms evaporated 
from a carbon crucible onto amorphous substrates at considerably 
higher temperatures than reported by Davey. They found that on sub-
sequent annealing at higher temperatures the amorphous films became 
polycrystalline over a narrow temperature range. 
The electrical resistivity of all as-sputtered films included in 
this study was very high. Specimens prepared from the arsenic-doped 
n-type source were of very high resistivity even after heat treatments 
in the 605° to 1000°c range. Films prepared f~om the boron-doped 
p-type source exhibited k decrease in resistivity by a factor of 
about 10
4 
after heat treatments at temperatures of 640°c and above. 
These low resistivity films were always p-type as dete~mined by the 
thermal probe method. 
The evaporated silicon films of Collins showed a similar sharp 
decrease in resistivity when the substrate temperature during deposi-
. 0 
t1on was above about 600 C. Riesz and Sharp found a similar, but 
lower, transition temperature for evaporated gennan1um films. Kataoka's 
evaporated silicon films were all deposited on hot substrates, approx-
o 
imately 1000 C, and were all of relatively low resistivity. 
The germanium films of Riesz and Sharp were invariably p-type 
regardless of the conductivity type of the source, and Heizman and 
Basseches <
5) found the same behavior with sputtered germanium films. 
Kataoka's evaporated silicon films were initially p-type but annealed 
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0 completely ton-type material in about 10 minute.i at 1000 C. 
All of these authors suggested the possibility of structural 
defects as the source of the acceptors in the p-type\jilms. Kataoka 
~> explained the conversion of the films ton-type as the conversion of 
a material dominated by grain boundary defects to orie which is 
dominated by the bulk properties of the crystalline aggregate. 
The conductivity of the sputtered silicon films of this study, 
however, apparently depends strongly on chemical composition. 
Structure seems to be an important influence only to the extent that 
the amorphous material has ordered sufficiently to give a few distinct 
X-ray diffraction lines in the front rPflection region. This is 
indicated by the low resistivity of the 640°c heat treated films. 
The larger crystallites of the films annealed at higher~temperatures 
did not enhance the conductivity values over those of the 640°c 
treated films. 
The complete inability to obtain low resistivity films from the 
n-type source material is good evidence that the source of cha~ge 
caITiers is strongly influenced by impurities. Identical procedures 
-were used in preparing films from both types of source materials and 
heat treatments were carried out so that films prepared from both 
sources ,were.., in the furnace simultaneously. 
The chemical analysis of the films by emission spectrometry 
indicated that the only significant difference between films sputtered 
from the two source materials was the type and relative concentration 
.. 
of the intentional source impurities. Films deposited from the 
p-type source contained boron, but no arsenic~ whereas films sputtered 
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from then-type source contained arsenic but were free of boron. 
The ability to obtain low resistivi_ty crystalline films only with the . 
,. 
p~type source can be e~plained if it is reasoned that the unintentional 
impurities such as copper, magnesium, aluminum and iron present in all 
films provide a net excess of acceptors. The intentional impurities 
then, namely arsenic or boron, either compensate or augment these 
acceptors. Films sputtered from then-type source are impurity-compen-
sated to an ext-ent sufficient to give the low observed conductivity. 
The boron impurity of the p-type source, however, augments the acceptor 
concentration already present and thus relatively low resistivity films 
( 11) 
re~ult. Bylander et al. have also reported low resistivity evap-
orated polycrystalline germanium films in which the electri~al 
conductivity was dominated by impurity effects. 
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V. CONCLUSIONS 
The principal findings of this study are summarized below. Heat 
treatments on the films referred to were carried out in inert atmos-• 
pheres for two hours at temperature followed by a slow cool in the 
furnace. -r 
1. As-sputtered films from either arsenic doped n-type or 
boron doped p-type source materials were amorphous and 
4 
had high resistivities on the order of 10 ohm-cm when 
deposited on amorphous substrates at substrate holder 
0 0 
temperatures from 170 to 420 C. 
2. Heat treatments of the as-sputtered films at 605° C 
' \ 
produced little change in structure or electrical charac-
teristics of films sputtered from either source material. 
(j 
" 
3. Heat treatments of both types of films at temperatures 
0 0 
from 626 to 1000 C produced randomly oriented poly-
crystalline material. The diffraction lines of X-ray 
0 
powder patterns of films heat treated at 710 C and 
higher were sharp and continuous. 
4. Films sputtered from then-type source remained of 
high resistivity after heat treatments at temperatures 
from 605° to l000°C. 
5. Films sputtered from the p-type source and heat treated 
0 0 
at temperatures.from 640 to 1000 C showed a sharp decrease 
in resistivity to values on the order of 1 ohm-cm. These 
low resistivity films were found to be p-type. 
0 
6. \at treatment of p-type source films at 620 C produced 
a partial transformation to low resistivity material. 
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7. Spectrographic analysis revealed that th~ boton concentra-
tions in films deposited f rorn the p-type sow .. ce were equal 
to the boron level in the source, but that the arsenic content 
of films sputtered from then-type source was appreciably 
reduced from the arsenic concentration of the source. 
8. The electrical behavior of the crystalline films ap-
peared to be dominated by impurity effects. 
·.r 
l 
. -
:. i"."' 
... •· < 1' 
26 
. ~•.: 
.,.,,., .. ,~~ ~~-
1-·. ·~ 
~· 
. 
l ,I I I j I,, 0' r• I 
I,... 
•••• 
... 
-
VI. SUGGESTIONS FOR FtrrURE WORK 
.--
The results of this study and the experience derived in the 
course of the experimental work suggest the following areas for · 
future investigations concerning the-Sproperties of sputtered silicon 
thin films. 
1. Structural Properties 
The structural measurements of this study were confined 
to X-ray diffraction powder patterns. The use of transmission 
electron microscopy in conjunction with selected area diffraction 
may yield some useful information concerning the fine structure 
of these films. It would be desirable to correlate electrical 
properties of the· films with their fine structure. 
2. Influence of Substrate Morphology 
It would be of interest to further examine influence of 
substrate structure on film structure. It is conceivabl~, 
for example, that epitaxial films can be deposited on single ~ 
crystal substrates under certaip conditions. 
3. Electrical Measurements 
More complete determinations of electrical properties would 
be useful. Hall effect measurements as a function of tempera-
ture would yield information on the concentrations and con-
. ductivity type of charge carriers and their mobilities. From 
resistivity mea·surements as a function of temperature information 
on the mechanism of conduction in these films might be obtained. 
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4. Effect o~ Chemical Cqmposition on Film Properties 
The results of this study indicate that the electrical 
resistivity of the films is grossly affected by the presence 
of chemical impurities. Quantitative information, however, is 
lacking. A knowledge of the absolute magnitudes of impurity 
concentrations in the sputtered films would be helpful. A 
redesign of the deposit ion ch,.amber to yield higher purity 
films might result in the ability to obtain films of n-type 
conductivity. A quantitative relationship between impurity 
concentrations in the source and in the resulting sputtered 
films is also of interest. 
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